Chk2 is a tumour suppressor that regulates apoptosis in both an ataxia telangiectasia mutad (ATM)-dependent and an ATM-independent manner. Molecular and Cellular Biology, 22.
DNA damage activates cellular responses that promote DNA repair, arrest the cell cycle, and in some cases, induce apoptosis (56) . Cell cycle arrest allows time for the repair of damaged DNA while apoptosis eliminates cells harboring abnormal DNA. It is widely believed that these DNA damage responses are required for the maintenance of genomic stability and prevention of tumor development (20) .
The ataxia telangiectasia (A-T) mutated (ATM) gene, which is homologous to the yeast checkpoint gene Tel1, plays a critical role in sensing DNA double strand breaks (DSBs) in mammalian DNA. ATM is a kinase involved in activating the appropriate damage response pathway, leading to either cell cycle arrest or apoptosis, and is therefore a key checkpoint molecule in regulating cell cycle responses to DNA damage (37, 45) . Indeed, the majority of phosphorylation events induced by ionizing radiation (IR) are carried out by ATM. Both A-T patients and ATM-deficient mice show defective cell cycle arrest, hypersensitivity to DNA DSBs, and tumor predisposition (4, 21, 52, 53) . When cells are damaged by IR, ATM phosphorylates and activates the protein kinase Chk2 (1, 35, 36, 55) . Chk2 is a homologue of the Rad53 gene in budding yeast and of the Cds1 gene in fission yeast. Once phosphorylated, activated Chk2 phosphorylates multiple Cdc25 molecules which are thought to inhibit the activation of cyclindependent kinases (7, 10, 34) . However, in response to damage induced by UV-irradiation or hydroxyurea, Chk2 is phosphorylated in an ATM-independent manner, possibly by A-T and rad3 ϩ related (ATR) (35, 46) . Notably, ATM, ATR, and Chk2 are each able to phosphorylate the tumor suppressor gene p53 (2, 9, 11, 26, 42, 49) .
p53 is the most frequently mutated cancer-associated gene identified to date (29) . In response to DNA damage, p53 undergoes phosphorylation and conformational changes which result in increased levels and activity of the protein (23) . Increased p53 activity enhances the rate of transcription of numerous target genes (such as p21, Mdm2, GADD45, and Bax) that mediate the plethora of p53-dependent functions (19, 54) . These functions include the promotion of apoptosis and the induction of G 1 cell cycle arrest. The p53 protein can be mod-ified by many different protein kinases and acetylases, resulting in modulation of p53 function (39) . In particular, the phosphorylation or dephosphorylation of various serine residues can have a significant impact on p53 stability. Recent studies with phospho-specific antibodies have established that serines (Ser) 6, 9, 15, 20, 33, 37 , and 46 of p53 are sites of de novo phosphorylation in cells following DNA damage and that phosphorylation of different sites has different effects (2, 9, 12, 25, 38, 43, 44, 47) . For example, it has been proposed that the phosphorylation of the N-terminal Ser 15, 33, and 37 residues permits subsequent modification of the distant C-terminal lysine residues of p53 through enhanced recruitment of the coactivator protein p300/CBP/PCAF (28, 41) . In contrast, phosphorylation of Ser20 is required for stability of p53 in response to DNA damage (11) . Ser20 comprises part of the site used by Mdm2 to bind p53 and target it for ubiquitination, and phosphorylation of Ser20 interferes with Mdm2 binding.
Previous studies have demonstrated that, in response to IR, Ser15 on p53 is phosphorylated by ATM (2, 9), whereas Ser20 is phosphorylated by Chk2 (11, 26, 42) . There is abundant evidence that ATM controls p53 stabilization either directly or indirectly via Chk2, and it is also now clear that p53-mediated G 1 arrest is suppressed in ATM Ϫ/Ϫ thymocytes. However, it is more controversial whether ATM is involved in p53-mediated apoptosis of damaged cells. While some laboratories have shown that ATM Ϫ/Ϫ thymocytes are resistant to IR-induced apoptosis (51, 53) , others have found that these cells exhibit normal p53-mediated cell death (3, 21, 24 ). It appears that the pathways governing p53-dependent cell cycle arrest and apoptosis may be distinct and that ATM plays a major role in regulating only the former.
Previous work on Chk2-deficient thymocytes reconstituted from Chk2 Ϫ/Ϫ embryonic stem (ES) cells in Rag1 Ϫ/Ϫ mice showed that Chk2 contributes to p53 stabilization following exposure to IR (26) . We have now created mutant mice in which the Chk2 gene was disrupted through homologous recombination. We report on the phenotype of Chk2 Ϫ/Ϫ mice and compare it to that of ATM Ϫ/Ϫ mice. Using various Chk2 Ϫ/Ϫ cell types, we show that Chk2 is involved in both ATM-dependent and ATM-independent regulation of IR-induced p53-mediated apoptosis.
MATERIALS AND METHODS

Generation of Chk2
؊/؊ mice. To generate Chk2 Ϫ/Ϫ mice, fragments of the murine Chk2 gene were isolated from a mouse 129 genomic library by using the mouse Chk2 cDNA as a probe. The targeting construct was designed to delete the exons encoding the conserved kinase sequence as described previously (26) . ES clones heterozygous for the targeted mutation were isolated by drug selection and confirmed by Southern blotting. Two independent heterozygous ES clones were injected into 3.5-day C57BL/6 blastocysts which were subsequently transferred into pseudopregnant foster mothers. Chimeric mice were crossed into C57BL/6 mice to produce heterozygous Chk2 ϩ/Ϫ mice which were subsequently intercrossed to generate Chk2 Ϫ/Ϫ animals. p53 Ϫ/Ϫ mice were purchased from Taconic. ATM Ϫ/Ϫ mice were the kind gift of Peter J. McKinnon (St. Jude Children's Research Hospital).
Apoptosis assays. To analyze apoptosis in the thymus in vivo, 6-to 8-week-old mice were irradiated with 10 Gy of irradiation from a 137 Cs source (Gammacell 40) at a dose of 1.0 Gy/min. For apoptosis in the central nervous system (CNS) or skin, mice at day 5 after birth (P5) and P7, respectively, were irradiated with 5 Gy of irradiation. Mice were anesthetized by cooling, and their hearts were perfused with ice-cold saline followed by fixation in ice-cold 4% paraformaldehyde. The brains were removed and fixed for a further 24 to 48 h in 4% paraformaldehyde at 4°C. The thymus and skin from the dorsal area were fixed in 10% buffered formalin overnight at 4°C. Tissue samples were embedded in wax by following standard procedures and sectioned at a thickness of 5 to 7 m. Apoptosis in thymus, skin, and brain sections was analyzed by the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay (Boehringer-Mannheim). Sectioned material was prepared for the TUNEL assay by following standard procedures (33) . Briefly, sections were deparaffinized and rehydrated through a graded series of ethanol solutions to phosphate-buffered saline. Sections were then subjected to the TUNEL assay. To quantify the apoptosis of thymocytes in vitro, thymocytes were isolated from 5-to 8-week-old mice and irradiated with 1 to 4 Gy of irradiation. Apoptotic cells were detected by flow cytometric analysis with Annexin V and propidium iodide (PI) staining (R&D Systems).
Cell cycle analysis. For analysis of G 1 arrest in the skin, P7 mice were irradiated with 5 Gy of irradiation, and the mice were injected intraperitoneally with bromodeoxyuridine (BrdU) (1 mg) 1 h before sacrifice (48) . Skin sections were treated with 3% hydrogen peroxidase for 15 min to quench endogenous peroxidase. BrdU was detected by using a BrdU staining kit (Oncogene Research Products) according to the manufacturer's protocol. For analysis of the G 1 /S checkpoint in the thymus, 5-to 8-week-old mice were irradiated with 10 Gy of irradiation and injected with 2 mg of BrdU at 2 h postirradiation (3). At 1 h postinjection, the mice were sacrificed and the thymi were dissected. Thymocytes were fixed by using the BrdU flow kit (BD PharMingen). The fixed cells were treated with 300 g of DNase/ml for1ha t3 7°C and then incubated with anti-BrdU-fluorescein isothiocyanate for 30 min at room temperature. After washing, the cells were counterstained with PI and subjected to flow cytometry. To detect mitotic cells, skin sections were incubated with anti-phosphohistone H3 antibody (Ab) (Upstate Biotechnology). After incubation with secondary Ab followed by Vectastain ABC reagents, the slides were exposed to DAB substrate (Vector Laboratories). Total cell numbers and the number of BrdU-or phosphohistone H3-positive cells were counted in several regions of the epidermis of each mouse. G 1 arrest was examined in cultured mouse embryonic fibroblasts (MEFs) established as described previously (18) . MEFs were synchronized at G 0 by incubation for 4 days in Dulbecco's minimal essential medium containing 0.1% serum. The G 0 -synchronized cells were trypsinized and resuspended in growth medium containing 65 M BrdU. The cells were irradiated with 0 to 20 Gy of irradiation, replated, and cultured for 24 h prior to fixation in 70% ethanol. Cells were then stained with anti-BrdU Ab (BD PharMingen) as described previously. To evaluate the S-phase checkpoint, the inhibition of DNA synthesis was measured by using a previously described procedure (27) . Briefly, exponentially growing MEFs were irradiated with 10 Gy of irradiation and cultured for 0 to 3 h. [ 3 H]thymidine (2.5 Ci/ml) was added 30 min prior to sampling. Cells were lysed in 0.5 ml of 2% sodium dodecyl sulfate (SDS) in 0.2 M NaOH, and 100 lo f lysate was adsorbed onto Whatman 17 CHR paper. The filters were washed with 5% trichloroacetic acid, rinsed in 95% ethanol, and air dried, and the incorporated radioactivity was measured in a liquid scintillation counter.
Northern blotting. Thymocytes were subjected to 5 Gy of ␥-irradiation, and total RNA was isolated by using Trizol according to the manufacturer's protocol (GIBCO BRL). Briefly, thymocytes (2 ϫ 10 7 ) were lysed with 1 ml of Trizol and mixed with chloroform. Total RNA was precipitated with isopropyl alcohol, and 5 g/sample was electrophoresed on a 1% agarose gel followed by transfer to a membrane (GeneScreen plus; NEN Life Science Products). Blots were hybridized with mouse p21, Bax, and ␤-actin cDNA probes, and the intensity of each band was quantified by densitometry (Storm860; Molecular Dynamics). Statistical analyses were carried out by using Student's t test.
Western blotting. Tissues were lysed in lysis buffer (10 mM Tris-HCl [pH 7.5], 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 5 mM Na 2 P 2 O 7 ,1mMNa 2 VO 4 , and 50 mM NaF plus protease inhibitor cocktail [Boehringer Mannheim]). Lysates were boiled with SDS sample buffer at 100°C for 5 min and placed on ice. Protein extracts were fractionated by SDS-10% polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Sigma). The blot was incubated with 4% milk overnight followed by incubation with anti-p53 Ab (CM5; Novocastra Laboratories), anti-mouse Chk2 Ab (26) , or anti-␤-actin Ab (Sigma). Signals were visualized by incubation with horseradish peroxidaseconjugated secondary Ab (Amersham) followed by enhanced chemiluminescence (Amersham).
Flow cytometric analysis. The preparation of samples for flow cytometry was performed as described previously (26) . Cells were analyzed on a Becton Dickinson FACScan.
DMBA-induced skin tumor formation. The backs of 6-to 8-week-old mice were shaved and painted with 10 g of 7,12-dimethylbenzanthracene (DMBA) (Sigma) in 0.2 ml of acetone once a week for 25 weeks. Scoring for tumors was done once a week.
Reintroduction of Chk2 genes.
A BamHI site was introduced into the 5Ј end of the coding region of the mouse Chk2 cDNA by PCR. The full-length mouse Chk2 cDNA was cloned into pCAGGS (a gift of Junichi Miyazaki, Osaka University) with a blunt end. To create the mutated Chk2 allele, PCR-based mutagenesis was used to change the seven Ser-Gln/Thr-Gln (SQ/TQ) sites (Ser 22, 24, 29, 36, 42, and 59 and Thr77) in Chk2 to Ala-Gln (AQ) followed by subcloning into pCAGGS. To obtain thymocytes expressing wild-type or mutant Chk2, somatic chimeras were generated by Rag1 Ϫ/Ϫ blastocyst complementation as previously described (26) . pCAGGS-wild-type Chk2, pCAGGS-mutated Chk2,or the empty vector was electrophoretically transfected along with pBSpgk-Hygro into Chk2 Ϫ/Ϫ ES cells. At 48 h posttransfection, hygromycin (200 g/l) was added to the cultures. After 10 days, hygromycin-resistant clones were isolated and expanded. Clones with the highest expression of Chk2 were selected by Western blotting with anti-Chk2 Ab. Selected ES clones were injected into 3.5-day Rag1 Ϫ/Ϫ blastocysts as described above to generate animals whose thymocytes had recovered Chk2 expression.
RESULTS
Generation of Chk2
؊/؊ mice. The Chk2 gene was disrupted by replacing a region of the genomic sequence containing exons 8 to 11 with a neomycin resistance cassette (Fig. 1A) . Following transfection, selection of targeted clones, and blastocyst microinjection, chimeric mice were produced that successfully transmitted the Chk2 mutation to the germ line. F 1 heterozygote mice were intercrossed to generate animals homozygous for the mutant Chk2 allele. Chk2 Ϫ/Ϫ mice were viable and born at the expected Mendelian ratio (ϩ/ϩ:ϩ/Ϫ: Ϫ/Ϫϭ0.20:0.53:0.26). The expression of Chk2 protein was assessed in Chk2 ϩ/ϩ and Chk2 Ϫ/Ϫ mice. The Chk2 protein is ubiquitously expressed in wild-type mouse tissues with its highest levels in the thymus, spleen, and colon (Fig. 1B) . The protein was not detected in Chk2 Ϫ/Ϫ tissues, confirming the null mutation.
Chk2 is not essential for somatic growth, fertility, or immunological development. Since Chk2 activation in response to DNA DSBs is dependent on ATM (34), we anticipated that Chk2 Ϫ/Ϫ mice might display overlapping phenotypes with those of ATM Ϫ/Ϫ mice. We therefore investigated several of the most obvious phenotypes of ATM Ϫ/Ϫ mice in Chk2
animals. ATM Ϫ/Ϫ mice are smaller in size and weigh less than their wild-type or heterozygous littermates (4, 21, 52). However, Chk2
Ϫ/Ϫ mice were not smaller than control mice at birth, at weaning, or through adulthood (male, ϩ/ϩ versus ϩ/Ϫ versus Ϫ/Ϫ: 19.5 Ϯ 3.4 g versus 23.1 Ϯ 2.1 g versus 22.0 Ϯ 2.6 g, respectively; female, ϩ/ϩ versus ϩ/Ϫ versus Ϫ/Ϫ: 18.2 Ϯ 3.2 g versus 17.8 Ϯ 1.3 g versus 17.9 Ϯ 3.1 g, respectively) (42 days of age). In addition, while cultured MEFs from ATM Ϫ/Ϫ mice showed extremely poor growth consistent with the animals' growth retardation, cultured Chk2 Ϫ/Ϫ fibroblasts did not show an obvious growth deficit (data not shown).
ATM Ϫ/Ϫ mice are infertile due to a defect in germ cell development. However, Chk2
Ϫ/Ϫ male and female mice are fertile, and their gonads are histologically normal (data not shown).
Several immunological abnormalities have been reported in ATM Ϫ/Ϫ mice, including a defect in T-lymphocyte maturation. However, lymphoid tissues from Chk2 Ϫ/Ϫ mice were similar in gross size to those of their Chk2 ϩ/Ϫ and wild-type littermates, and no histological abnormalities were observed in the thymus, spleen, or lymph nodes. The numbers of thymocytes and spleen cells isolated from Chk2 Ϫ/Ϫ mice were comparable to those of the controls at 8 to 10 weeks of age. Analysis of cell surface markers of isolated Chk2 Ϫ/Ϫ lymphoid cells showed that populations of cells bearing CD3, CD4, CD8, Thy1, or T-cell receptor ␣␤ were not affected by the loss of Chk2 in either the thymus or the spleen. The development of immature T cells, as evaluated by CD25 and CD44 expression, was also normal. Analysis of the expression of B220, immunoglobulin D (IgD), IgM, and CD43 in spleen and bone marrow cells revealed no abnormalities in B-cell development. The proliferation of peripheral lymph node T cells stimulated with anti-CD3 Ab, anti-CD28 Ab, and interleukin-2 was normal, as was that of splenic B cells stimulated with anti-CD40 Ab, anti-IgM Ab, interleukin-4, or lipopolysaccharide. Immunoglobulin levels in Chk2 Ϫ/Ϫ mice were normal.
Apoptosis and cell cycle arrest induced by IR are defective in Chk2
؊/؊ mice. In our previous work, we showed that CD4 ϩ CD8 ϩ thymocytes isolated from Chk2 Ϫ/Ϫ Rag1 Ϫ/Ϫ chimeric animals were resistant to IR-induced apoptosis because of a lack of p53 stabilization. In this study, we evaluated the role of Chk2 in regulating IR-induced cell death in vivo. Wild-type and Chk2
Ϫ/Ϫ mice were subjected to whole-body ␥-irradiation, and their thymic tissues were evaluated for apoptosis by using the TUNEL assay. Thymi of unirradiated wild-type and Chk2 Ϫ/Ϫ mice showed very few apoptotic cells ( Fig. 2A) . As expected, substantial apoptosis was observed in the thymi of irradiated wild-type mice. However, the thymi of irradiated Chk2 Ϫ/Ϫ mice showed significantly less apoptosis. We next examined the effect of the Chk2 mutation on hair follicular matrical cells since these cells have been shown to be susceptible to IR-induced apoptosis (4, 48) . Four hours after 5 Gy of irradiation, a large number of cells in the wild-type matrix were undergoing apoptosis, as evaluated by an in situ TUNEL assay (Fig. 2B ). In contrast, there was an almost complete absence of IR-induced apoptosis in the follicular matrices of Chk2 Ϫ/Ϫ mice. Finally, we examined IR-induced apoptosis in the developing CNS. In wild-type perinatal mice (P5), significant apoptosis was observed in many regions of the CNS 24 h after 5 Gy of ␥-irradiation, consistent with previous reports. Strikingly, very little apoptosis was observed in the CNS, including the cerebellum and dentate gyrus, of irradiated Chk2 Ϫ/Ϫ mice ( Fig. 2C and data not shown) .
Since IR induces cell cycle arrest at several distinct cell cycle transitions, we studied the effect of the absence of Chk2 on the G 1 /S, S, and G 2 /M checkpoints. First, we examined the G 1 /S checkpoint in epidermal cells in vivo. P7 mice were irradiated with 5 Gy of irradiation followed by BrdU injection 1 h prior to sacrifice. The frequency of BrdU-positive cells in Chk2 (Fig. 3A) . In contrast, there was no reduction in the BrdU-positive population at 24 h in either Chk2 Ϫ/Ϫ epidermis (112 Ϯ 10 per 1,000 cells) or in p53
epidermis (132 Ϯ 7 per 1,000 cells). G 1 arrest was also evaluated in cultured wild-type, p53 Ϫ/Ϫ , and Chk2 Ϫ/Ϫ MEFs. Serum-starved cells were irradiated and stimulated to enter the cell cycle by the addition of serum. BrdU was added with the serum to allow the detection of S-phase entrance. In response to increasing doses of IR, p53 Ϫ/Ϫ MEFs failed to arrest in G 1 , as expected (Fig. 3B) (18) . Wild-type MEFs arrested normally in G 1 as evidenced by a dose-dependent reduction in the number of BrdU-positive cells. Interestingly, Chk2
Ϫ/Ϫ MEFs were significantly defective in their ability to arrest in G 1 at low IR doses but behaved like wild-type cells at higher doses.
To examine the G 2 /M checkpoint, we used an anti-phosphohistone H3 Ab which specifically recognizes mitotic cells to evaluate the frequency of mitotic cells in the epidermis following IR. In the absence of IR, the frequency of mitotic cells was comparable in wild-type and Chk2 Ϫ/Ϫ mice (wild type versus Chk2 Ϫ/Ϫ :18Ϯ 4 per 1,000 cells versus 20 Ϯ 4 per 1,000 cells) (Fig. 3C) . Almost no mitotic cells were observed in wild-type or Chk2
Ϫ/Ϫ mice 6 h after exposure to 5 Gy of irradiation, indicating that the induction of G 2 arrest is intact in Chk2 Ϫ/Ϫ mice. However, mitosis had resumed in Chk2 Ϫ/Ϫ cells by 24 h post-IR (21 Ϯ 4 per 1,000 cells), whereas wild-type cells still showed suppression of mitosis (3 Ϯ 2 per 1,000 cells) at this time. These data indicate that the loss of Chk2 curtails the duration of the G 2 /M checkpoint.
An intra-S-phase checkpoint occurs in MEFs in response to IR, and this checkpoint requires ATM function (4). We evaluated the effect of the Chk2 mutation on this checkpoint by examining the inhibition of DNA synthesis in MEFs. Both wild-type and Chk2
Ϫ/Ϫ primary MEFs showed equivalent levels of DNA synthesis inhibition following IR, whereas ATM Ϫ/Ϫ cells showed a characteristic profile of radiation- (Fig. 3D ). These findings show that the intra-S-phase checkpoint is ATM dependent but Chk2 independent.
Incidence of DMBA-induced skin tumors is enhanced in Chk2-deficient mice. Since the loss of Chk2 leads to suppressed apoptosis and cell cycle arrest in response to IR, one would expect to find a higher incidence of tumor formation in Chk2 Ϫ/Ϫ mice, perhaps comparable to that in p53 Ϫ/Ϫ mice. However, by age 1 year, Chk2 Ϫ/Ϫ mice had not developed tumors of any kind. We speculate that tumors caused by the loss of Chk2 are either too rare to be detected or require a prolonged period to develop. We therefore challenged (Fig. 4A) . The onset of tumors in Chk2 Ϫ/Ϫ mice occurred earlier than in wild-type animals, and the total number of tumors was increased in Chk2 Ϫ/Ϫ mice compared to wild-type mice (Fig.  4B) . However, the size of individual tumors and the frequency of malignant tumors (carcinomas) were comparable between wild-type and Chk2 Ϫ/Ϫ mice. We conclude that Chk2 has a suppressive effect on tumor development induced by at least some types of DNA damage.
Chk2 selectively regulates apoptosis in an ATM-independent manner. Although Chk2 acts downstream of ATM in yeast and mammals, the loss of Chk2 does not result in many of the phenotypes observed in ATM Ϫ/Ϫ mice. In fact, the only shared phenotype is defective p53 function in response to IR. This finding prompted us to explore the possibility that Chk2 and ATM might have different regulatory effects on p53 function. Whereas Chk2 Ϫ/Ϫ cells have a clear defect in IR-induced apoptosis, this phenotype is variable in ATM Ϫ/Ϫ cells. We therefore carefully compared the effect of the loss of Chk2 or ATM on the regulation of p53 activation in thymocytes. p53-mediated cell cycle arrest and apoptosis have been well characterized in thymocytes, and it is possible to precisely quantify these phenotypes in this cell type. When wild-type mice were subjected to 10 Gy of ␥-irradiation, the number of thymic BrdU-positive S-phase cells was reduced to 35% Ϯ 4% of that in the nonirradiated controls (Fig. 5A) . The G 1 /S-phase checkpoint was defective in ATM Ϫ/Ϫ and p53 Ϫ/Ϫ mice (ATM Ϫ/Ϫ , 132% Ϯ 10%; p53 Ϫ/Ϫ , 128% Ϯ 11%), consistent with previous reports (3). In contrast to irradiated ATM Ϫ/Ϫ mice, irradiated Chk2 Ϫ/Ϫ mice showed only a partial defect that resulted in milder G 1 arrest (65% Ϯ 5%). However, when thymocytes were isolated from Chk2 Ϫ/Ϫ mice and subjected to IR in vitro, apoptosis was dramatically impaired (Fig. 5B) . ATM Ϫ/Ϫ thymocytes were more resistant than wild-type thymocytes to IRinduced apoptosis but considerably more sensitive than either Chk2 Ϫ/Ϫ or p53 Ϫ/Ϫ thymocytes. It should be noted that the IR-induced apoptosis and inhibition of the G 1 /S transition observed in this study are p53 dependent because they are completely inhibited by the loss of p53 function. Dying p53 Ϫ/Ϫ thymocytes can be detected after 48 h of IR treatment, and irradiated Chk2
Ϫ/Ϫ p53 Ϫ/Ϫ thymocytes behave in the same manner as irradiated p53
Ϫ/Ϫ cells (data not shown). These results indicate that Chk2 acts in the pathway leading to p53-dependent apoptosis rather than in the general apoptosis program.
Our findings led us to hypothesize that Chk2 selectively regulates p53 activity leading to apoptosis. To address this question, we used Northern blotting to evaluate the transactivation of mRNA expression for known p53 target genes. Although the expression of many molecules is induced by p53 activation, p21 and Bax are the most prominent p53-responsive genes in mouse primary thymocytes (8) . Loss of p21 in thymocytes leads to a clear defect of the G 1 checkpoint induced by IR (18) . Although Bax Ϫ/Ϫ thymocytes are not resistant to IRinduced apoptosis, Bax Ϫ/Ϫ Bak Ϫ/Ϫ thymocytes fail to die in response to IR (32) . Since Bak Ϫ/Ϫ thymocytes also show normal responses to IR, the induction of Bax must be critical for IR-induced apoptosis. In wild-type thymocytes subjected to 5 Gy of IR, Bax mRNA was increased by (6.05 Ϯ 1.44)-fold over the baseline at 3 h and by (5.68 Ϯ 1.64)-fold at 6 h (Fig. 5C, left  panel) . Strikingly, irradiated Chk2 Ϫ/Ϫ thymocytes showed defective induction of Bax ([1.9 Ϯ 0.45]-fold at 3 h and [1.80 Ϯ 0.40]-fold at 6 h). These results represent statistically significant decreases compared to the wild type at3h(P Ͻ 0.01) and 6h( P Ͻ 0.01). In contrast, irradiated ATM Ϫ/Ϫ thymocytes were slower than the wild-type to induce Bax mRNA synthesis a t3h( P Ͻ 0.05) but had caught up by 6 h. p21 mRNA induction was significantly suppressed compared to that of the wild type (P Ͻ 0.05) in both ATM Ϫ/Ϫ and Chk2 Ϫ/Ϫ irradiated thymocytes at 3 h (Fig. 5C, right panel) , but there were no significant differences in the level of suppression between these two genotypes. Consistent with a previous report (3), neither p21 nor Bax was induced in irradiated p53 Ϫ/Ϫ thymocytes. These results suggest that thymic apoptosis induced by IR depends on p53 function and is controlled mainly by Chk2 rather than ATM. p53 was stabilized partially by IR in both ATM Ϫ/Ϫ and Chk2 Ϫ/Ϫ thymocytes (Fig. 5D) . Taken together, the data in Fig. 5 demonstrate that Chk2, rather than ATM, controls p53-mediated apoptosis, and that p53-mediated apoptosis does not correlate with stabilization of the p53 protein.
We next determined whether Chk2 phosphorylation is re- In response to IR in vivo, ATM phosphorylates several of these SQ/TQ sites in Chk2, including Thr68 (1, 35, 36) . Phosphorylation of Chk2 following IR is abolished by mutation of these SQ/TQ sites, and most of the endogenous Chk2 is not phosphorylated in ATM Ϫ/Ϫ cells (Fig.  5D) ; nevertheless, p53-mediated apoptosis can occur under these circumstances. To determine whether the phosphorylation of Chk2 SQ/TQ sites is required for Chk2-mediated regulation of p53-mediated apoptosis, we reintroduced into Chk2 Ϫ/Ϫ thymocytes a mutant form of Chk2 in which all Nterminal SQ/TQ sites were replaced with AQ and analyzed apoptosis. In a previous study (35) , the mutated SQ/TQ kinase had the same level of kinase activity as the wild-type enzyme when transfected into unirradiated Chk2 Ϫ/Ϫ MEFs. To reintroduce the mutated Chk2 gene into Chk2
Ϫ/Ϫ thymocytes, we generated somatic chimeras by Rag1 Ϫ/Ϫ blastocyst complementation. An expression vector carrying wild-type or mutant Chk2 was transfected into Chk2 high expression of Chk2 protein were selected and used for blastocyst complementation. The size and cellularity of thymi in Chk2 Ϫ/Ϫ mice bearing an empty vector, Chk2 Ϫ/Ϫ mice bearing wild-type Chk2, and Chk2 Ϫ/Ϫ mice bearing the mutated Chk2 were all comparable to those of control wild-type mice (data not shown). Moreover, the expression level of the exogenous Chk2 protein was comparable to that of the endogenous Chk2 protein. Exogenous wild-type Chk2 was phosphorylated in response to IR, whereas the mutated Chk2 protein failed to show a mobility shift (Fig. 6A) . Thus, the defective p53 stabilization in Chk2 Ϫ/Ϫ thymocytes was restored by the introduction of exogenous wild-type Chk2 but not by mutant Chk2. Reintroduction of wild-type Chk2 also clearly restored the defective apoptosis observed in Chk2 Ϫ/Ϫ thymocytes (Fig. 6B) , whereas thymocytes receiving mutant Chk2 behaved similarly to control Chk2 Ϫ/Ϫ thymocytes. These data suggest that phosphorylation of the SQ/TQ sites in Chk2 is required for this protein to induce ATM-independent p53 activation leading to apoptosis.
DISCUSSION
We have shown in this study that there are differences between Chk2
Ϫ/Ϫ and ATM Ϫ/Ϫ cells in the IR-induced activation of checkpoint and apoptotic responses, despite the fact that ATM regulates IR-induced Chk2 activity. ATM and Chk2 both modify p53 and activate it; however, our results show that at least some p53 phosphorylation is Chk2 dependent and ATM independent. Moreover, Chk2-dependent and ATM-dependent p53 phosphorylation events may differentially affect downstream p53-dependent transactivation targets. Specifically, we have demonstrated that Chk2 predominantly regulates IR-induced apoptosis rather than the G 1 /S checkpoint in thymocytes, whereas ATM is predominantly involved in the regulation of the G 1 /S checkpoint.
Contradictory results have been reported regarding the effect of ATM on p53-mediated apoptosis (3, 21, 24, 53) . The discrepancies among these reports are not caused by strain differences among experimental mice but could be due to differences in methods used to detect apoptosis or to irradiation conditions (in vivo versus ex vivo). The in situ TUNEL assay may not be sensitive enough to detect differences in apoptosis in a thymus taken from an ATM Ϫ/Ϫ mouse treated with wholebody irradiation, whereas in vitro irradiation of isolated ATM Ϫ/Ϫ thymocytes reveals an apoptotic defect. In contrast, Chk2
Ϫ/Ϫ thymocytes examined using either method show obvious resistance to IR-induced apoptosis. In our study, ATM Ϫ/Ϫ thymocytes were more resistant than the wild type to IR but significantly less resistant than Chk2 Ϫ/Ϫ thymocytes. Consistent with the results of the apoptosis assay, the induction of Bax mRNA was more profoundly impaired in Chk2 Ϫ/Ϫ thymocytes than in ATM Ϫ/Ϫ cells. This tight correlation between the induction of apoptosis and the transactivation of p53 downstream molecules suggests that the inhibition of apoptosis induced by the loss of Chk2 is caused by the suppression of p53 activation itself and not by effects on molecules further downstream in the apoptosis pathway.
We and others have proposed a model of IR-induced p53 activation in which Chk2 phosphorylates Ser20 of p53, leading to stabilization of p53 protein in an ATM-dependent manner (11, 26) . Certainly, p53 stabilization was suppressed in both Chk2 Ϫ/Ϫ and ATM Ϫ/Ϫ mice. However, the loss of ATM or Chk2 had different effects on p53 activation leading to apoptosis, indicating that the regulation of IR-induced p53 activation is not as simple as proposed above. Both ATM and Chk2 are required for p53 stabilization, but Chk2 must have another effect on p53 function in addition to stabilization that promotes apoptosis in response to IR (Fig. 7) . Loss of Chk2 does lead to a defect of the G 1 /S checkpoint, but this could be caused by defective p53 protein stabilization. A similar explanation could hold for the partial effect of the ATM mutation on apoptosis.
The mechanism underlying the regulation of p53 activation remains unknown, but a key candidate is phosphorylation since p53 is phosphorylated on many sites in response to DNA damage. Regulation of p53 activation by Chk2 could involve the phosphorylation of additional sites on p53 or of other molecules that affect p53 activation. For example, the phosphorylation of Ser46 on p53 is specifically required for the induction of p53AIP1, a gene inducing apoptotic cell death. Mutation of Ser46 abolishes the ability of p53 to induce apo- (38) . These data suggest that posttranslational modification of the p53 protein may determine its affinity for specific p53 binding sequences present in different target genes. Unfortunately, we do not know if Chk2 affects phosphorylation of Ser46 and p53AIP1 because Ser46 on human p53 is not conserved in mouse p53. It remains possible that other types of p53 modifications such as acetylation could lead to apoptosis via Chk2. Mutation of the SQ/TQ sites on Chk2 abolished p53 activation leading to apoptosis, demonstrating that the phosphorylation of the SQ/TQ sites in the N-terminal region of Chk2 is essential for this process. Most of the phosphorylation of Chk2 induced by IR is abolished if ATM is absent. However, our data suggest that there is some ATM-independent phosphorylation at SQ/TQ sites of Chk2 in response to IR. It is possible that the very low level of ATM-independent phosphorylation of Chk2 that occurs is insufficient to alter the mobility of the protein. The most likely agent of ATM-independent Chk2 phosphorylation is ATR, although other members of the phosphatidylinositol 3-kinase family are also possibilities. ATR is a phosphatidylinositol 3-kinase-related kinase which contains a protein kinase domain similar in sequence to a region of Schizosaccharomyces pombe rad3 (6, 13). Matsuoka et al. have reported that ATR phosphorylates Thr26, Ser50, and Thr68 in the SQ/TQ cluster domain of human Chk2 in vitro (35) . Although ATR is believed to act primarily in response to a DNA replication block or UV-irradiation, it is also involved in responses to IR. Cells lacking ATR die within several days of exposure to IR; however, prior to their deaths, a profound defect in the IR-induced G 2 /M checkpoint can be demonstrated (16) . Other studies have shown that overexpression of a kinase-dead mutation of ATR causes increased sensitivity to IR and a defect in the G 2 /M arrest and S-phase checkpoints (14) . Furthermore, ATR mutation also abolishes DNA damage-induced phosphorylation of Ser15 on p53 (49) . These data suggest a potential functional overlap between ATM and ATR with respect to IR responses, consistent with our hypothesis that ATM and ATR cooperate in regulating p53 activity (Fig.  7) . We theorize that ATR selectively regulates p53 activation leading to apoptosis via Chk2, while ATM governs cell cycle arrest in a Chk2-independent manner.
In addition to phosphorylating p53, Chk2 is known to phosphorylate Cdc25. It has been reported that ATM and Chk2 are required for the S-phase checkpoint induced by IR and that this induction depends on Chk2-dependent phosphorylation of Cdc25A (22) . In our study, we confirm that ATM is required for the S-phase checkpoint in primary MEFs but we also demonstrate that Chk2 is dispensable for this checkpoint in this cell type. In experiments with immortalized MEFs, we have observed a slightly slower onset and shorter duration of the Sphase checkpoint in the absence of Chk2 (unpublished data). This small difference may reflect differences in cell cycle parameters between primary and transformed cells. On balance, however, we believe that Chk2 is not essential for S-phase arrest in normal cells. It is possible that Chk1 can substitute for Chk2 in the phosphorylation of Cdc25 and that Chk2 thus has a redundant function in the intra-S-phase checkpoint. Previous reports concluding that Chk2 was required for the intra-Sphase checkpoint utilized overexpression constructs containing mutated Chk2 genes identified in sporadic colon cancer and as a germ line mutation in Li-Fraumeni syndrome (LFS). The data showed that these mutations had a dominant-negative impact in wild-type cells. Constructs containing such mutations could therefore have an inhibitory effect on a downstream component of the S-phase checkpoint (such as Cdc25), thereby preventing the operation of any compensatory Chk1-dependent process. Alternatively, differences in Chk2 dependency in different tissues or between mice and humans may underlie the discrepancy between the previous reports and our data.
Failures in the transcriptional response to damage, cell cycle arrest and apoptosis induced by IR should lead to a higher incidence of tumor development. Unexpectedly, however, Chk2 Ϫ/Ϫ mice do not have obvious tumors, unlike ATM Ϫ/Ϫ mice, which die within 4 months of birth with thymic lymphomas. Interestingly, the thymic lymphomas in ATM Ϫ/Ϫ mice are critically dependent on V(D)J recombination, whereas thymic lymphomas in p53 Ϫ/Ϫ mice arise independent of V(D)J recombination (30) . These observations indicate that at least two different mechanisms of lymphoma development are at work in these mutant animals, such that ATM-mediated p53 activation may not be required for the development of lymphomas. ATM phosphorylates many target substrates in addition to Chk2 and p53, including Nbs1 and Brca1 (17, 31) . These molecules, which act downstream of ATM, may contribute in an unknown way to the prevention of spontaneous lymphoma development.
Mutations of Chk2 are found more frequently in patients with variant LFS, which has a moderate phenotype, than in patients with classical LFS (5) . In contrast, mutations of p53 have been reported in 70% of classical LFS cases and 20% of variant LFS patients (50) . Although the tumor-suppressive ef- fect of Chk2 appears to be milder than that of p53, loss of Chk2 clearly increased the incidence of DMBA-induced skin tumors in mice. DBMA treatment resembles UV-irradiation in that both cause DNA adducts that are repaired by the nucleotide excision repair system. This similarity in DNA lesions suggests that the DBMA-induced skin tumors appearing in Chk2
Ϫ/Ϫ mice could be the result of a failure in the tumor-suppressive effect by ATR.
In conclusion, the results of this study have shown that p53 activation leading to cell cycle arrest is regulated differently from that leading to apoptosis. Chk2 is required for p53-mediated apoptosis of thymocytes and must undergo phosphorylation in order to function, but this phosphorylation is not carried out by ATM. We propose a new model for the IR pathway that emphasizes the independent effects of Chk2 and ATM.
